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Abstract6
Ground deformation is commonly observed at active volcanoes, where7
it represents a reliable sign of unrest and a potential precursor of eruptive8
activity. The source of deformation, however, is not always unequivocally9
constrained. Magma ascent and differentiation are generally involved, but10
hydrothermal fluids may play a role, due to thermal expansion and pore11
pressure acting on rocks. The identification of mechanisms driving ground12
displacement bears important consequences for hazard evaluation. The aim13
of this work is to evaluate mechanical effects associated with pressurization14
and heating of hydrothermal fluids. We first simulate the heat and fluid flow15
driven by the arrival of magmatic fluids from greater depth. Then, we calcu-16
late the rock deformation arising from simulated pressure and temperature17
changes within a shallow hydrothermal system. We employ a mathematical18
model, based on the linear theory of thermo-poro-elasticity and on a system19
of distributed equivalent forces. Results show that stronger degassing of a20
magmatic source may cause several centimeters of uplift.21
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1. Introduction22
This research work stems from the recent evolution of the Campi Fle-23
grei (CF) caldera (Italy): although the last eruption took place in 1538 AD,24
secondary activity has always been present and, in particular, changes of geo-25
chemical and geophysical parameters highlighted periods of unrest during the26
last 50 years. Ground deformation (or bradyseism) characterized these un-27
rests, and more than 3 meters of uplift were recorded at the end of the two28
major episodes, in 1969-1971 and 1982-1984. A slow subsidence begun in29
1985 and, since then, only minor uplifts (a few cm each) occurred in the30
caldera (De Natale et al., 2001). Each uplift phase has been accompanied by31
seismic activity and gravity changes, and followed by variation of discharge32
rate and gas composition in fumaroles. Minor crises were similar to the larger33
ones in terms of deformation pattern, compositional change and seismicity.34
Both large and small unrests have been carefully studied for their actual and35
potential consequences on the densely inhabited surrounding region. Early36
models ascribed the observed deformation to a pressure or volume change37
inside a magma chamber (Bonafede et al., 1986; Bianchi et al., 1987; De Na-38
tale et al., 1991). Casertano et al. (1976) made a pioneer study considering39
the importance of fluids in bradyseismic events. More recently, other au-40
thors recognized the effects of heating and expansion of hydrothermal fluids41
during an unrest (Bonafede, 1990, 1991; De Natale et al., 1991, 2001; Gaeta42
et al., 1998; Hurwitz et al., 2007; Hutnak et al., 2009; Orsi et al., 1999). The43
occurrence of seismicity in the CF caldera (Troise et al., 1997) and gravity44
changes (Bonafede and Mazzanti, 1998) were also modeled. These models45
describe the maximum uplift (1.8 m) observed in 1982-84, and authors sug-46
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gest that the following subsidence could be due to lateral diffusion of fluids.47
Using a 1D model, Gaeta et al. (2003) explain minor uplifts as a consequence48
of hydrothermal fluid circulation. Although these models provide important49
conceptual insights, they are based on very simplified descriptions of the fluid50
dynamics and of the embedding medium.51
The use of a more sophisticated model of hydrothermal circulation showed52
that several aspects of the complex unrest dynamics (including deformation)53
are related to the intensity of magmatic degassing (Chiodini et al., 2003;54
Todesco et al., 2003a,b, 2004; Todesco and Berrino, 2005).55
The involvement of both magma and hydrothermal fluids in the recent56
evolution of the CF caldera was confirmed by further studies relating defor-57
mation and gravity data to the density of the source of deformation (Gotts-58
mann et al., 2006; Amoruso et al., 2008; Bonafede and Ferrari, 2008).59
In this work, we want to quantify the amount of deformation that can60
be caused by hydrothermal fluids during a generic unrest period at Campi61
Flegrei.62
Following a well established approach (Todesco et al., 2003b, 2004; Hur-63
witz et al., 2007), we first simulate the evolution of the hydrothermal system;64
then we compute the deformation arising from the simulated changes in pore65
pressure and temperature.66
Our simulation of hydrothermal circulation is based on a conceptual67
model that was developed for Campi Flegrei in previous papers (Chiodini68
et al., 2003; Todesco et al., 2003a,b, 2004; Todesco and Berrino, 2005): the69
hydrothermal system is fed by fluids of magmatic origin, and unrest events70
correspond to periods of increased magmatic degassing.71
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Pore pressure and temperature changes, arising from a given unrest event,72
are considered here as axially symmetric distributed sources of deformation,73
and described in terms of a system of equivalent forces. The resulting dis-74
placement of the ground surface is then computed analytically, according to75
the linear theory of thermo-poro-elasticity. Results show that the simulated76
unrest period can generate centimeters of vertical displacement at the free77
surface of an elastic homogeneous half-space.78
2. The ground deformation model79
The mathematical model presented here is based on the linear theory of80
poro-elasticity, which describes the elastic deformation of a porous medium81
taking into account the flow of a hot fluid that propagates through the pores.82
Here we follow the formulation proposed by Rice and Cleary (1976) and, given83
the high temperatures of the fluid, we also take into account the thermo-84
elastic response of the rock as described by McTigue (1986). The deformation85
eij due to a given change in pore pressure and temperature is:86
eij =
1
2µ
(
σij −
ν
1 + ν
σkkδij
)
+
∆p
3H
δij +
αs
3
∆Tδij (1)
where σij is the stress tensor; σkk is the trace of the stress tensor; µ is the87
shear modulus; ν is the Poisson’s ratio in free-drainage conditions; 1/H =88
1/K−1/K ′s is the Biot’s constant (K is the isothermal, drained bulk modulus89
and K ′s is the bulk modulus of the solid constituent); αs is the volumetric90
thermal expansion coefficient for the solid matrix; δij is the Kronecker delta.91
∆p and ∆T are the pore pressure and temperature changes, respectively.92
In order to evaluate the displacement field arising from pressure and tem-93
perature changes at a given point, we follow the approach proposed by Aki94
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and Richards (1980) to compute the seismic displacement generated by a95
volume source.96
We first consider a porous medium in an initial configuration of vanishing97
stress and strain. We identify a volume source, with dimensions dx, dy, dz,98
and remove it from its surrounding, without affecting the porous matrix.99
We then increase pore pressure and temperature in the source volume by100
supplying heat and fluid, at constant (vanishing) stress. At this stage (A),101
the source remains unstressed (τ
(A)
ij = 0), but its volume is isotropically102
strained (“Aki’s stress-free strain”) by an amount:103
e
(A)
ij =
1
3
∆θδij
where ∆θ is the relative volume change, given by the trace of the strain104
tensor (1)105
∆θ =
∆V
V0
= e
(A)
kk =
∆p
H
+ αs∆T
In order to place the source back in its original position in the porous106
medium (stage B), we need to restore its original volume V0: we apply a107
stress field τ
(B)
ij = −K∆θδij at constant pore pressure and temperature, to108
obtain a deformation e
(B)
ij = −e
(A)
ij :109
τij = τ
(A)
ij + τ
(B)
ij = τ
(B)
ij , eij = e
(A)
ij + e
(B)
ij = 0
Now the source is back in its place, but a traction discontinuity exists over110
its surface: the matrix is still unstressed and unstrained while the source is111
subject to the artificial “stress glut” τij applied to restore its initial volume.112
The difference between the outer and the inner values of traction is then113
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−τijnj . Removal of this traction discontinuity will cause the source to expand114
again but, this time, the surrounding matrix acts against the expansion and115
prevents the source from reaching the stress-free volume. The displacement116
field due to the applied pressure and temperature changes at the source can117
be expressed in terms of this traction discontinuity (Aki and Richards, 1980):118
ui(x) =
∫
V
K∆θ(x′)Gik,k(x,x
′) dx′ dy′ dz′ (2)
where K is the bulk modulus, x is the observation point, x′ is the source119
position and Gik is the Green’s Tensor.120
In order to evaluate the divergence of the Green’s Tensor we use a system121
of distributed equivalent forces. The isotropic point source can be mathe-122
matically described as a system of three equal orthogonal dipoles placed at123
the source point (Wang, 2000). The displacement field Gik arising from a124
single force in a homogeneous half-space with a traction-free boundary was125
provided by Mindlin (1936).126
In this work, we first calculate the displacement due to a single dipole127
set along the xˆ, yˆ or zˆ axes, and then we sum the single components of each128
field in order to have the total displacement at the observation point. The129
vertical component of the displacement for this case is:130
utotz = Fh
(1− 2ν)
8piµ(1− ν)
[
(z − z′)
R31
+
−(3− 4ν)
z + z′
R32
+
2z
R32
−
6z(z + z′)2
R52
]
(3)
where F and h are the intensity and arm of each dipole; (x, y, z) is the131
observation point and (x′, y′, z′) is the source point; R1 is the distance132
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between the deformation source and the observation point (R21 = (x−x
′)2 +133
(y − y′)2 + (z − z′)2) and R2 is the distance between the mirror-source and134
the observation point (R22 = (x− x
′)2 + (y − y′)2 + (z + z′)2).135
Since we are using a free surface calculation, the horizontal component of the136
displacement wil be different than the vertical:137
utotr = Fh
(1− 2ν)
8piµ(1− ν)
[
1
R31
+
−(3− 4ν)
1
R32
−
6z(z + z′)
R52
]
(r − r′) (4)
where r2 = x2 + y2 and r′2 = x′2 + y′2 represent the radial distance of the138
observation point and of the source from the zˆ axes, respectively.139
3. The fluid flow model140
Hydrothermal circulation is simulated with the multi-phase and multi-141
component TOUGH2 model (Pruess et al., 1999), which describes the cou-142
pled flow of heat and fluids through the porous medium. In the present143
application, the considered fluid components are water and carbon dioxide.144
The computational domain, two-dimensional and axisymmetric, is 10 km145
wide and 1.5 km deep (Fig. 1 shows the domain up to 1 km, since most of146
changes happen near the symmetry axis).147
Bottom and side boundaries are impervious and adiabatic. Atmospheric148
conditions are fixed along the upper boundary, which is open to heat and149
fluid flows. The properties of the porous medium are listed in Table 1.150
The shallow hydrothermal circulation is driven by the injection of a hot (ca.151
623 K) mixture of water and carbon dioxide. This mixture represents the152
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magmatic component that enters the domain near the symmetry axis (Fig.153
1).154
Initial conditions are obtained by simulating a long-lasting (i.e.: thou-155
sands of years) injection of magmatic fluids. The prescribed flow rate at156
the inlet (1000 tons/day of CO2 and 2400 tons/day of H2O) reflects data157
collected at the CF caldera, and corresponds to a CO2/H2O molar ratio of158
0.17 (Chiodini et al., 2003). As described in previous works (Chiodini et al.,159
2003; Todesco et al., 2003a,b, 2004), the prolonged activity of the fluid source160
generates, at the steady state, a wide two-phase plume, with a shallow single-161
phase gas region (Fig. 1a). High temperature characterizes the entire plume162
(Fig. 1b), which is also slightly pressurized with respect to the hydrostatic163
gradient.164
Starting from these steady-state initial conditions, the simulation pre-165
sented here describes an initial unrest phase, provided by a sudden increase166
of fluid flow, followed by a longer quiet period. The unrest phase lasts 20167
months, during which both the input of magmatic fluids and the carbon168
dioxide content increase (6000 tons/day of CO2 and 6100 tons/day of H2O,169
CO2/H2O=0.4) at same, constant input temperature (ca. 623 K). During the170
following quiet phase, flow rate and composition return to the initial values.171
Inlet conditions corresponding to the different phases are listed in Table 2. A172
sequence of similar unrest and quiet periods was shown to be consistent with173
observed changes in gas composition and gravity at the CF caldera during174
the last 30 years (Chiodini et al., 2003; Todesco and Berrino, 2005).175
The imposition of a larger discharge rate during the unrest is accompanied176
by a pressure build-up, which gradually spreads out as the fluids propagate177
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through the system. At the end of the unrest, pressure changes range from178
+5 MPa, near the fluid inlet, to +0.1 MPa near the ground surface (Fig. 2a).179
The unrest is also associated with temperature changes, even if the spe-180
cific enthalpy of injected fluids does not changes. Temperature changes, up to181
tens of Kelvin, are mostly confined along the edges of the two-phase plume182
(Fig. 2b). Most of these temperature changes are related to the lateral183
spreading of the two-phase region during the unrest. As the hot, gas-rich184
fluids replace the colder liquid water, temperature may increase up to 40 K185
(Fig. 3a). Temperature changes within the two-phase plume may occur as186
well, as a consequence of water phase changes: pressure build-up near the187
inlet can cause the condensation of water vapor (Fig. 3a) and the associated188
release of latent heat increases the temperature in the region above the fluid189
source (+5 K). At shallower depths, some fraction of liquid water in the two-190
phase region evaporates (Fig. 3a), subtracting latent heat and causing minor191
cooling (ca. -1.5 K).192
When the unrest is over, pore pressure drops and the two-phase plume193
begins to shrink gradually. Decompression enhances water evaporation and194
associated cooling. Fluids entered during the unrest still propagate upwards,195
affecting shallower portions of the domain during the quiet (Fig. 3b). At196
the end of the simulation, pressure and temperature anomalies persist: local-197
ized overpressure (up to +0.1 MPa) is still present at shallow depth (< 200198
m), while most of the domain undergoes decompression (up to -0.3 MPa),199
particularly near the plume border (Fig. 2c). Temperature anomalies are200
mostly confined along the edges of the two-phase plume (Fig. 2d). A slow201
temperature decline occurs at depth, where heating (+20 K) still persists202
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at the end of the simulation. Moderate heating (a few K) takes place at203
shallower depths, as hot fluids rise toward the surface (Fig. 3). The heated204
region is not uniform along the plume due to the competing effects of fluid205
displacement and phase changes during the simulation (Fig. 2d). It is inter-206
esting to note that pressure and temperature changes affect different regions207
of the domain, which do not necessarily reflect the position of the inlet of208
magmatic fluids (i.e. the location of the “source” that drives the unrest, Fig.209
1).210
4. Resulting displacement211
To compute the vertical ground displacement arising from the simulated212
evolution, each element of the computational domain is considered as a po-213
tential source of deformation. Pressure and temperature changes at different214
times are calculated with respect to the initial pressure and temperature val-215
ues in each element. The corresponding vertical displacement can be com-216
puted from the contribution of each element (el) of the grid (5):217
uelz = −
(1 + ν)
12pi(1− ν)
∆θelV el
[
(z − zel)
R31
+
−(3− 4ν)
z + zel
R32
+
2z
R32
−
6z(z + zel)2
R52
]
(5)
where ∆θel =
(
∆pel/H + αs∆T
el
)
represent the dilatation (compression)218
of a single element of the grid. V el and zel are the volume and depth of219
the element. R1 and R2 are the distance of the observation point from the220
element and from the image-element. The total displacement is calculated221
by summing the contributions of all grid block.222
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Contrary to previous works (Todesco et al. (2004); Hurwitz et al. (2007)),223
our approach for the computation of ground deformation does not require224
the specification of arbitrary boundary conditions over the boundary of the225
computational domain, since Mindlin’s solutions provide vanishing stress over226
the free surface and vanishing displacements and stress at remote distance.227
For the moment, we do not account for the effects of rock deformation228
back onto fluid propagation (full coupling).229
The temporal evolution of ground displacement, calculated at the surface,230
on the symmetry axis, is shown in Figure 4a. The values for thermo-poro-231
elastic parameters are listed in Table 3. Uplift begins as soon as the injection232
rate is increased, at the beginning of the unrest, and reaches the maximum233
value (9 cm) at the end of the crisis. The quiet period is characterized by a234
slow subsidence that reflects the lower inflow of magmatic fluids. The mini-235
mum ground elevation (-1 cm) is attained at the end of the simulation. This236
trend of deformation arises from the temporal evolution of pressure and tem-237
perature anomalies (Fig. 4b). The faster uplift phase is due to the combined238
effects of increasing average pressure and temperature. When the unrest239
is over, the average pressure quickly declines, but the average temperature240
keeps increasing until hot fluids begin to discharge at the surface. The effects241
of fast decompression are therefore mitigated by thermal expansion, and the242
resulting subsidence rate is slower than the uplift rate.243
The radial distribution of ground uplift, calculated at different times, is244
shown in Figure 5. At the end of unrest, the pattern of deformation is similar245
to a Mogi-type source (Mogi, 1958): the maximum uplift is right above the246
source and deformation is mostly confined within 4 km from the symmetry247
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axis (Fig. 5a). A different pattern characterizes the subsidence. With time,248
changes along the border of the plume become shallower (Fig. 2), and some249
spikes in vertical displacement develop at 500-700 m from the symmetry axis.250
At the end of simulation (Fig. 5b), minor subsidence affects the axial region,251
and vertical displacement vanishes within the first 2 km.252
The temporal evolution of vertical displacement does not depend only253
on the dynamics of the hydrothermal fluids. The mechanical properties of254
the porous rock control both the magnitude and the temporal evolution of255
ground deformation. This is a relevant aspect, as mechanical properties may256
change significantly with rock type and physical condition, and site-specific257
values are often poorly constrained. The effects of different values of bulk and258
shear moduli are shown in Figure 6. Increasing the bulk modulus reduces the259
uplift during the unrest, and leads to a slower subsidence during the quiet.260
ForK values above 15 GPa, the initial ground elevation is not restored within261
the simulation time. Lower bulk moduli lead to larger vertical displacement262
during the unrest, and drive ground subsidence below the initial elevation.263
Differences in ground displacement scale quite linearly with increasing bulk264
modulus during the uplift: 5 GPa changes in bulk modulus produce about 1,5265
cm difference in ground displacement (Fig. 6a). This linearity is conserved266
to the end of simulation, although following a different pattern. The shear267
modulus of the rocks also has a substantial effect on ground deformation.268
Low rock rigidity leads to larger vertical displacement (up to 18 cm) and269
faster subsidence during the quiet. In this case, displacements do not scale270
linearly with increased rigidity (Fig. 6b).271
Bulk modulus K ′s changes, within the range 20-40 GPa, and thermal272
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expansion coefficient changes, within the range 10−7-10−5 K−1, have minor273
effect on the maximum calculated ground displacements.274
5. Conclusion275
In this work we present a model of ground deformation based on the linear276
theory of thermo-poro-elasticity. The model was applied to compute the277
vertical ground displacement associated with heating and pressurization of278
hydrothermal fluids during an unrest event at the CF caldera. The evolution279
of the hydrothermal system was simulated with the TOUGH2 numerical280
code (Pruess et al., 1999). Then, the corresponding ground deformation was281
calculated under the assumption of homogeneous mechanical properties of the282
porous medium. Our approach does not require the definition of boundary283
conditions for the displacement along the periphery of the computational284
domain. This is particularly relevant in a small system such as ours, where285
the presence of a shallow bottom boundary certainly affects the mechanical286
response of the free surface.287
Results show that increasing the fluid injection rate in our system (by288
a factor 3.5) leads to a maximum uplift of the order of 10 cm, which may289
double depending on the choice of mechanical properties of the porous rock.290
A slow subsidence takes place during the quiet phase, when hot fluids reach291
shallower depths and heating mitigates the effects of pressure drop, leading292
to a slower evolution.293
The evolution of the two-phase region during the quiet is associated with294
a complex pattern of ground deformation along the surface, with peak values295
characterizing the edges of the plume. A complex radial pattern of deforma-296
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tion was already emphasized by Todesco et al. (2004)297
A direct comparison with previous results (Todesco et al., 2003b, 2004) is298
not possible, due to a different choice of rock properties and inlet conditions.299
Nevertheless, results obtained by Todesco et al. (2003b), with a fivefold in-300
crease of the flow rate at the inlet, indicate a maximum uplift (15 cm) of the301
same order of magnitude.302
The calculated displacements reflects the flow rate at the inlet, and the303
permeability of the system, which directly controls the pressure build-up and304
heat propagation. Stronger inputs of magmatic fluids would cause larger305
uplifts. Similarly, different choices of rock permeability (or any change in306
permeability during the unrest) are going to affect system conditions and its307
response to unrest periods. Higher permeability favors fluid propagation, and308
hence heating of the system but, at the same time, reduces pressure build309
up. On the contrary, low permeability hinders fluid propagation and favors310
the pressure increase, which however would remain confined within a smaller311
region. The overall outcome in terms of ground displacement is difficult to312
estimate and further research should focus on this aspect.313
Initial conditions also play a role: the deformation depends on pressure314
and temperature changes with respect to the initial conditions. The same315
input of magmatic fluids entering a colder region would cause much larger316
vertical displacement. If the system becomes heated by subsequent unrest317
events, as in the case of CF, ground deformation is expected to become pro-318
gressively less pronounced over time, even if the input of magmatic fluids is319
unchanged. The remarkable difference between the large and the small un-320
rest events at the CF caldera could be due to different sources of deformation321
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acting at different times, but it could also derive from significant changes in322
rock properties and system conditions after the first major episodes.323
With the present choice of initial conditions, feeding rate, and rock prop-324
erties, based on a sound conceptual model that was developed for CF over325
time, the calculated displacement is consistent with the deformation observed326
during the recent, minor uplift events at CF. Our results therefore support327
the importance of hydrothermal fluids in these recent episodes. The strong328
influence of system properties and conditions on the calculated deformation329
pattern should be carefully considered when trying to infer properties of the330
deformation source from the observed pattern of ground displacement.331
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Density 2000 kg m−3
Permeability 10−14 m2
Porosity 0.20
Conductivity 2.80 W m−1 K−1
Specific Heat 1000 J kg−1 K−1
Table 1: Rock properties considered in the simulation of the hydrothermal system. These
properties remain constant during the simulation.
CO2 H2O Molar Ratio
Quiet 1000 2400 0.17
Unrest 6000 6100 0.40
Table 2: Flow rate (ton/day) and CO2/H2O molar ratio at the inlet during the unrest
and the following quiet. The enthalpy of injected fluids correspons to a temperature of ca.
623 K and does not change during the simulation.
µ 2 GPa
K 5 GPa
K ′s 30 GPa
αs 10
−5 K−1
Table 3: Rock mechanical properties considered in the computation of the vertical ground
displacement. µ is the shear modulus, K is the drained bulk modulus, K ′
s
is the bulk
modulus of the solid constituent and αs is the volumetric thermal expansion coefficient
for the solid matrix.
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Figure 1: Initial conditions: a) volumetric gas fraction and b) temperature (K).The star
indicates the inlet of magmatic fluids, which has a radius of 150 m. The computational
domain was discretized into 2580 elements, with radial dimensions ranging from 25 to 3196
m and thickness from 5 to 25 m.
Figure 2: Simulated changes with respect to the initial conditions at different times: a,c)
pore pressure (MPa) and b,d)temperature (K) changes at the end of unrest and at the
end of simulation, respectively. The figures refer to axial region. The star indicates the
inlet of magmatic fluids.
Figure 3: Simulated changes with respect to the initial conditions: volumetric gas fraction
at the end of unrest (a) and at the end of simulation (b). Arrows describe the pattern of
flow for the liquid (black) and gas phase (magenta).
Figure 4: (a) Temporal evolution of vertical ground displacement at the symmetry axis.
(b) Temporal variation of the average temperature (solid line) and average pore pressure
(dashed line). Values are computed over the entire domain and normalized with respect
to the maximum value. Shaded area in both figures highlights the unrest period. Rock
mechanical properties: µ=2 GPa; K=5 GPa; K ′
s
=30 GPa; α=10−5 K−1
Figure 5: Radial distribution of vertical ground displacement, at the end of the unrest (a),
and at later times (b).
Figure 6: Temporal evolution of vertical ground displacement at the simmetry axis for
differet values of the rigidity (a) and bulk modulus (b). The other parameters are as listed
in Table 3. Shaded are in both figures highlights the unrest period.
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